Abstract We sought to explore whether inherited differences in androgen sensitivity conferred by variation in the length of a CAG repeat in exon 1 of the androgen receptor gene could be correlated with differing manifestations of humoral autoimmunity in men with lupus. In a sample of 15 men with lupus, AR CAG repeat length was linearly correlated with levels of antibodies against extractable nuclear antigens and with the number of diagnostic criteria for lupus. Protein microarrays were used to assess levels of 86 different IgG and IgM autoantibodies in the sera of these patients. IgG autoantibodies were more frequently observed in male lupus patients with longer AR CAG repeat length (>23), while IgM autoantibodies were more prevalent in subjects with shorter CAG repeat length (≤23). These data support a potential role for androgen signaling in the modulation of immunoglobulin class switching processes, with consequent impact on the autoimmune phenotype in men with lupus.
Introduction
Both animal experimentation and human clinical observation have provided evidence for a protective effect of androgens against the autoimmune processes characteristic of systemic lupus erythematosus. The classic experiments of Talal and colleagues in the NZB/W mouse model of SLE showed that while females of this strain almost uniformly acquired a fatal lupus-like nephritis, treatment with androgens could prevent this disease progression [1] [2] [3] . Conversely, intact males were largely unaffected by the disease, but castration resulted in disease progression and mortality [1] [2] [3] . Evidence in humans has corroborated this observation. Klinefelter's syndrome (the most common form of male hypogonadism) has been repeatedly found in association with lupus [4] , and in isolated case reports, restoration of normal testosterone levels has been accompanied by remission of features of the autoimmune process [4] [5] [6] [7] [8] . Other forms of male hypogonadism, including hypogonadotrophic hypogonadism, have also been noted in association with lupus [4, 6] , suggesting that androgen deficiency, not the chromosomal abnormalities or pituitary hormone changes present in Klinefelter's hypogonadism, is the main factor that affects the development of autoimmune phenomena in hypogonadal men.
It is clear, however, that most men with SLE do not have subnormal androgen levels. Studies of male SLE patients have identified evidence of primary hypogonadism (low testosterone accompanied by elevated levels of pituitary LH) in only about 15% of such patients [9] [10] [11] [12] . Overt testosterone deficiency may thus have some potential role in disease susceptibility or progression in a subset of male lupus patients, but most male lupus is not accompanied by such hormonal deficiency.
Recent data suggest that inherited differences in androgen transport, signaling, and metabolism play significant roles in the establishment of the normal range of phenotypic viriliza-tion of men as well as in the development and manifestations of a number of disease processes [13, 14] . Genetic variation in the androgen receptor (AR) itself has been well documented to affect androgen action. In the extreme example, human syndromes of androgen resistance that comprise a spectrum of phenotypic presentations of failed male development have been shown to result from a variety of mutations in gene encoding the androgen receptor [15, 16] . This receptor protein is a ligand-activated transcription factor with a domain structure that includes a ligand-binding region, a DNAbinding region, and transcriptional activation domains-all of which are required for full activity of the protein.
In addition to its main functional domains, the normal AR gene includes in exon 1 a CAG repeat of variable length (usually between 15 and 30 repeats) that encodes a polyglutamate tract in the N terminal region of the protein beginning at amino acid residue 58 [17] . In 1991, La Spada et al. [18] demonstrated that dramatic expansion of the number of CAG repeats in this region of the gene was the underlying molecular basis of Kennedy's disease, a form of spinal and bulbar muscular atrophy that was sometimes associated with apparent insensitivity to androgen signaling. Subsequent work revealed that even within the normally observed range of variation, the length of this repeat region (and the encoded polyglutamate sequence in the protein) is inversely related to the capacity of the receptor to transactivate a target gene in vitro [19] [20] [21] [22] . Although these relative changes in transcriptional regulatory activity in vitro are subtle, they appear to have physiologic relevance. In humans, the variation in androgen sensitivity conferred by different AR CAG repeat lengths has been found to be associated with phenotypic differences in men with Klinefelter's syndrome [23] , with variations in facial and body hair [13] , in body composition in older men [24] , in HDL levels [25] , and in sensitivity to exogenous androgen therapy [26] .
We set out to explore whether altered androgen sensitivity might correlate with the development of autoimmune processes. We have genotyped a small cohort of men with lupus erythematosus along with age-matched controls for the exon 1 AR gene CAG repeat length and analyzed the serum of these individuals for autoreactive antibodies using a recently developed autoantigen array methodology. We sought to correlate variations in their serologic expression of autoimmunity with AR CAG length.
Materials and Methods

Samples and Phenotyping
De-identified DNA and serum samples from 15 male subjects with lupus and 12 age-matched control men were obtained from the Dallas Regional Autoimmune Disease Registry (DRADR) biobank. We also attempted to match subjects for ethnicity. The control group included two men of Hispanic ancestry, seven Caucasians, two African-Americans, and one Asian man. The lupus patients included four Hispanics, ten Caucasians, and one man of Asian ancestry. The lupus patients had been diagnosed by their referring rheumatologists on the basis of standardized clinical criteria [27] . Disease features present at the time of each individual's entry into the DRADR registry were used for our analyses. All human studies were reviewed and approved by the UT Southwestern Institutional Review Board.
AR CAG Repeat Length Determination
Genotyping of the androgen receptor exon 1 (CAG) n repeat length was carried out using polymerase chain reaction (PCR) amplification of the CAG repeat region and direct sequencing of the amplified product (this X-linked gene is present in single copy in normal XY males). Genomic DNA (100 ng) was used as template for PCR amplification using primers flanking the AR (CAG) n repeat region. Specific primer sequences were: 5′-GCTGTGAAGGTTGCTGTTCCTCAT-3′ and 5′-TCCAGAATCTGTTCCAGAGCGTGC-3′.
PCR amplification products were treated (ExoSap-It; USB, Cleveland, OH) to inactivate primers and dNTPs and were analyzed by DNA sequencing (using each PCR primer) and direct counting of the CAG repeats.
Autoantibodies Directed Against Extractable Nuclear Antigens
A commercially available multiplex immunoassay, the QuantaPlex SLE Profile 8 (Inova Diagnostics, Inc., San Diego, CA), was used to measure autoantibodies against extractable nuclear antigens (ENA). Components in the profile were: Ro(SSA), La(SSB), Sm, RNP, Jo-1, chromatin, Scl-70, and Rib-P. Results were measured on a Luminex 100TM flow cytometer and expressed in Luminex units [28] . Total ENA positivity was calculated for each individual subject as the sum of values for each antigen. We previously validated the use of the Quantaplex assay system against standard clinical measurements of autoantibodies in a test population of lupus patients [28] .
Autoantibody Array
Serum samples for all individuals studied were analyzed for IgG and IgM autoantibody expression using an autoantigen array containing 86 autoantigens, as described previously [29, 30] . The arrays were prepared and run in the UT Southwestern Microarray Core Facility. Quantitation of IgG and IgM autoantibodies specific for the array autoantigens was carried out using serum samples (5 μl volumes). Data were normalized for total IgG or IgM levels in each subject. Using the normalized fluorescence intensity data for each specificity, we utilized an arbitrary cutoff for a positive test based on the mean+3 SD of the values observed in the 12 normal control subjects [29] . In the lupus patients, values above this level were scored as positive tests.
Data Analysis
For group data, values are expressed as mean and standard errors of the mean. Significant differences between two groups of continuous variables were determined by t test; dichotomous variables were analyzed by Fisher's exact test. Correlations between continuous variables were analyzed using Pearson's r. Values of p<0.05 were considered significant. GraphPad Prism software (GraphPad Software, La Jolla, CA) was used for data analysis and graphics.
Results
No significant difference in AR CAG repeat length was observed between men with lupus erythematosus and healthy control men (Fig. 1) . The group of male lupus subjects had a mean CAG repeat length of 22.13±0.89 compared to 22.50±0.77 for healthy controls. These mean CAG repeat lengths are typical of those reported in the literature for unselected populations [13, 14] . These data suggest that AR CAG repeat length-related alteration in androgen sensitivity is not involved in predisposition to the development of lupus.
Within the group of men with lupus, however, we found that measures of clinical disease features and of humoral autoimmunity demonstrated an apparent relationship with AR CAG repeat length. The number of American College of Rheumatology diagnostic criteria [27] identified in each patient at the time of entry into the registry was linearly correlated with AR CAG repeat length (p=0.0450; Fig. 2a) . Analysis of patient sera also revealed a significant linear correlation between AR CAG length and the level of autoantibodies directed against ENA (p=0.016; Fig. 2b ). These data suggest that male lupus patients with lower intrinsic androgen sensitivity (longer AR exon 1 CAG repeat length) might exhibit more prominent clinical and laboratory manifestations of the autoimmune process. To pursue the observed correlation of autoantibody expression with AR CAG repeat length, we used autoantigen microarrays to examine a broad range of autoantibody expression (directed against 86 specific autoantigens) in healthy control men and in male lupus patients. Using the normalized fluorescence intensity data for each specificity, we utilized an arbitrary cutoff for a positive test based on the mean+3 SD of the values observed in the 12 normal control subjects [29] . In the lupus patients, values above this level were scored as positive tests. Using this criterion, we found 119 positive tests observed in the 15 lupus patients (Table I) . These positive tests were restricted to 37 of the 86 autoantigens on the array. The most frequently observed positives were for autoantibodies directed against Fig. 3, left) , while positive IgM autoantibodies were more frequently observed in subjects with AR CAG repeat length of 23 or less (p=0.0033 by Fisher's exact test; Fig. 3, right) . These data suggest that differences in androgen sensitivity conferred by variation in the length of the AR CAG repeat region might influence processes of immunoglobulin class switching in B cells.
Discussion
These data are the first to suggest a relationship between genetic variation in the androgen receptor gene and an alteration of the autoimmune response. Specifically, we observed in men with lupus an apparent linear correlation between AR CAG repeat length and levels of antibodies against extractable nuclear antigens. We also found significant correlation between the number of standard clinical diagnostic criteria for lupus observed in individual subjects and the length of their respective AR CAG repeat region. Previous observations in humans have suggested that AR CAG repeat length over 25 is associated with phenotypic evidence of attenuated androgen action [13, 14] . We found that longer AR CAG repeat length (and consequent diminution in the sensitivity of the androgen receptor) is associated with a shift to IgG predominant humoral autoimmunity compared to autoantibody expression in male lupus patients with shorter AR CAG repeat length. Intrinsic strain-specific androgen sensitivity was first postulated as an important factor in murine humoral immune responsiveness over 30 years ago [31] ; the molecular genetic basis for this inherited variation in hormone action in mice remains unknown. Our findings in human subjects support the notion that genetically determined variation in intrinsic androgenic hormone responsiveness might impact humoral autoimmunity.
We recognize a number of limitations of our study. First, our sample size is small. Only a minority of patients with lupus is male, and even with the resources of a registry, we had the opportunity to assess only 15 subjects. Nevertheless, the rather striking findings of autoantibody responses in these men reach statistical significance for several corroborative parameters. The study is also limited by its retrospective design. The available clinical data included only the diagnostic criteria recognized at the time of entry into the registry. Future prospective studies with ongoing assessments of more robust indices of clinical disease activity and progression (e.g., SLEDAI [32, 33] and SLICC [34] scores) will be of considerable interest to define whether the observed alterations in humoral autoimmunity are of clinical significance. Finally, these observations do not establish whether gradations in immune function or in expression of autoimmune responses might be observed over the full range of AR CAG repeat variability or whether some "threshold" of AR CAG repeat length might define a level of androgen sensitivity at which altered immune responses are demonstrable. In vitro, the transactivation capacity of the androgen receptor has been demonstrated to diminish monotonically by an average of 1.7% for each addition CAG repeat within the range of 16-35 repeats [35] . Our subjects with lupus had AR CAG lengths that spanned the range from 17 to 29, and while our analysis as a dichotomous variable (long vs. short repeats) revealed evidence of an influence on autoantibody class switching, our subject numbers do not suffice to define a linear relationship between IgG or IgM autoantibody expression over the entire range of AR CAG repeat length. Further studies will be needed to address this point. We believe that either continuous variability or a "threshold" model for the effect would be consistent with known molecular mechanisms of androgen action.
Over 30 years ago, Talal and colleagues, studying the NZB/ W F1 mouse model of lupus, reported that the development of immune complex glomerulonephritis in these animals was accompanied by a change in the class of the predominant circulating anti-DNA immunoglobulin type from IgM to IgG [1] [2] [3] . They also noted that the switch to IgG class autoanti- Five patients had CAG repeat lengths >23. The total number of tests in each group is 86 (the number of autoantigens tested on each array) times the number of subjects in the group bodies was accelerated in females compared to males and that this early production of IgG autoreactivity was recapitulated in males who had been castrated neonatally. Furthermore, androgen administration to females, or normalization of androgen levels in castrate males, maintained the IgM autoantibody levels and prevented the rise in IgG. Recent studies in mouse models of androgen insensitivity (including B cell-specific AR knockouts) have also shown that defects in androgen action are associated with increases in serum IgG autoantibodies directed against dsDNA, while levels of IgM autoantibodies of the same specificity were unaltered [36] .
Our observations are the first data in humans that suggest a potential role for inherited androgen sensitivity in modulating the IgM to IgG class switch in the setting of autoimmunity. Whether these are direct effects or indirect results of androgen action on other components of the immune system remains a matter of speculation at the present. Explorations into the mechanisms by which gonadal steroid hormones might influence immunoglobulin class switching have only recently begun. Activation-induced cytosine deaminase is a critical enzyme that is required for somatic hypermutation and class switch recombination processes that underlie the maturation of the humoral immune response [37] . Recent work has identified estrogenic hormones as potent upregulators of expression of aicda, the murine gene encoding this deaminase [38] ; progestins have been found to function as transcriptional inhibitors of this gene [38, 39] . Available data on the estrogen response have supported both direct transcriptional regulation through estrogen response elements in the aicda promoter [38] as well as indirect regulation via effects on the promoter of the HoxC4 gene, an important regulator of aicda gene expression [40, 41] . Whether androgens exert such effects on the regulation of processes essential for immunoglobulin class switching is unexplored, but the data presented here suggest that similar mechanisms might be operative for this class of steroid hormones. Our previous observations on the effects of androgens on B cell development demonstrated effects of these hormones acting through bone marrow stromal elements to alter early stages of B cell maturation [42] . Since somatic hypermutation and IgM to IgG class switching occur in more mature cells in the periphery, it seems likely that these peripheral lymphoid cells themselves would be the targets of such androgen actions. Further studies of these cellular and molecular mechanisms of androgen action on immune system components will be of considerable interest for the elucidation of the apparent protective effects of androgens in the setting of autoimmunity.
